Background and Aims Olive is considered a native plant of the eastern side of the Mediterranean basin, from where it should have spread westward along the Mediterranean shores, while little is known about its diffusion in the eastern direction.
INTRODUCTION
The Near East area and neighbouring regions are recognized as the primary centre where the first cultivation took place, and where the colonization of the Mediterranean region for many crop and animal species started (Zohary and Hopf, 2000; Petit et al., 2005; Rodriguez-Sanchez et al., 2009; Lovell et al., 2010; Linares, 2011; Myles et al., 2011; Zeder, 2011; Kaniewski et al., 2012; Mayol et al., 2015) .
The ancient distribution and the process of domestication of olive (Olea europaea L. subsp. europaea, var. europaea) and its relationships with local wild populations and ancestral varieties are still openly debated issues. In the last two decades, numerous phylogeographical and phylogenetic analyses have been carried out to clarify the diffusion of olive along the Mediterranean basin, by using nuclear, plastidial and mitochondrial markers (Besnard et al., 2002 (Besnard et al., , 2007 (Besnard et al., , 2009 Contento et al., 2002; Breton et al., 2006) and applying archaeological, historical and ecological data (Terral, 1996; Terral et al., 2004 Terral et al., , 2005 Kaniewski et al., 2012; Zohary et al., 2012) . According to Besnard et al. (2013a) , the north-eastern Levant (SyrianTurkish border) can be identified as the primary centre of olive domestication, assuming the westward route of olive diffusion, even if the central part of the Mediterranean basin has been recently assumed as a local centre of domestication (Diez et al., 2015) .
However, first evidence on the presence of olives with unknown origin in the eastern side of the Levant area provided elements for new considerations on their origin and diffusion.
In fact, studies performed on olive trees presently growing in Iran, often under extreme climate and soil conditions and with unknown cultivation status, have highlighted their clear genetic differentiation from Mediterranean cultivars (Noormohammadi et al., 2014; Mousavi et al., 2014) , indicating a possible founder effect from an unknown centre of origin .
The presence of Olea europaea has been documented by archaeo-botanical and pollen evidence from the lower Palaeolithic, onward along the Fertile Crescent area (including ancient Mesopotamia and the eastern coast of the Mediterranean, the actual Near-and Middle-East countries), which hosted the earliest human civilizations and the wild progenitors of the most important crops and domesticated animals in early agriculture (Niklewski and van Zeist, 1970; Noy et al., 1973; van Zeist and Bakker-Heeres, 1984; Darmon, 1987; Liphschitz et al., 1991; Kislev et al., 1992; Willcox, 1996; Diamond, 2002; van Zeist and Bottema, 2009; Lovell et al., 2010; Zohary et al., 2012) .
Olive distribution, in addition to being under the influence of human activities, has also been influenced by the effects of climate change, as for naturally spread wild olives (Besnard et al., 2013b) . The frequency, direction and timing of Quaternary climate change in Iran and western Asia as a whole are sparsely documented, but the dominance of herbaceous over tree pollen indicates lower precipitation rates before and during the Last Glacial Maximum (LGM, 22 000 years BP) than today, while during the early Holocene rainfall levels were increased (Kehl, 2009) .
Based on this background, the present work aimed to verify: (1) how human factors and climate events may have affected the present distribution pattern of olive, and (2) if, when and how olive may have moved in two opposite directions (eastward and westward) from the putative centre of origin.
A series of climate scenarios, that are likely to have modelled the distribution of the species, was reconstructed, to evaluate the relative importance of current and past climatic conditions on the observed patterns of genetic variation. To investigate the demographic history of O. europaea, a dual approach was applied: an assignment test (to determine the probability of an individual originating from a gene pool) and an Approximate Bayesian Computation (ABC) analysis (Beaumont et al., 2002) , to select the most likely scenario shaping genetic diversity and to set an approximate time frame for the inferred history, as already reported for other cultivated plant species (Tamaki et al., 2016; Parat et al., 2016) .
MATERIALS AND METHODS

Plant material and DNA extraction
Apart from recently planted olive groves, olive in Iran occurs as isolated trees or groups of a few plants growing in natural or semi-natural ecosystems, in areas populated by wild relatives of other fruit crops, such as pistachio, almond and pomegranate. Some trees grow near or within archaeological, historical or sacred sites, and benefit from the respect and attention of local people (Supplementary Data Fig. S1 ). We included in the present study all samples previously analysed by HosseiniMazinani et al. (2014) , together with new olive samples, to keep as much variability still present in Iran as possible. Cultivated varieties imported from abroad were excluded from this set. Some individuals were characterized by large bushes or by multiple or single trees, reaching considerable trunk diameter and fruit size (Hosseini-Mazinani and Torkzaban, 2013) . In each population, from 30 to 100 % of individuals were sampled (1-12 samples, depending on the size of the target population), for a total of 132 olives, representative of 34 sites and 15 provinces, and 20 cultivated varieties with local origin (Supplementary Data Table S1 , Figs S1 and S2). Table S1 also reports climatic data, coordinates and altitudes of the sampling sites (www.irimo.ir). According to the previous work , and given their unknown origin, these olives are hereafter termed olive ecotypes. Samples deriving from three south-eastern Iranian provinces, previously distinguished as subspecies cuspidata , were also included in the analysis, together with new samples derived from the same areas, for a total of 37 specimens.
Total DNA was extracted from leaves by using a GeneElute Plant Genomic DNA Miniprep Kit (Sigma-Aldrich), following the manufacturer's instructions.
To establish the relationships with Mediterranean cultivated olives, simple sequence repeat (SSR) data for 273 Mediterranean olive cultivars, derived from the CNR-IBBR olive molecular database and from previously published data (Baldoni et al., 2009; Trujillo et al., 2014; Mariotti et al., 2016) , were also included in the analysis (Supplementary Data  Table S2 ).
Chloroplast and nuclear markers
To detect maternal inheritance of the Iranian samples, chloroplast genotyping was performed by using 29 chloroplast (cp)SSRs and indels and 20 single nucleotide polymorphisms (SNPs), the latter through SNaPshot technique (Mariotti et al., 2010; Hosseini-Mazinani et al., 2014) . Furthermore, potentially polymorphic regions (Besnard et al., 2011) were analysed by direct sequencing using primers listed in Supplementary Data Table S3 . Data obtained from this analysis were compared with those of Mediterranean cultivars previously published (Mariotti et al., 2010; Besnard et al., 2013a) .
In the present work, ten SSR markers were applied, representing the best ranked loci over 77 evaluated microsatellite regions, recommended for olive genotyping due to their highest discrimination power, independent segregation and single locus inheritance (Baldoni et al., 2009) . PCR amplifications were performed following the previously published method (HosseiniMazinani et al., 2014) . Output data were analysed by GeneMapper 3.7 (Applied Biosystems-Hitachi).
Frequency analysis and genetic differentiation of whole samples
Frequency analyses were performed on a total of 462 genotypes, including 152 Iranian samples (132 ecotypes and 20 local varieties), 273 Mediterranean varieties and 37 Olea europaea subsp. cuspidata samples.
FreeNA (Chapuis and Estoup, 2007) was used to estimate the presence of null alleles, with the ENA correction allowing us to refine differentiation by excluding null alleles. Allelic richness (AR) and gene diversity (GD) were calculated using Fstat (Goudet, 2002) . Intra-and inter-population genetic statistics [number of alleles (N a ), effective number of alleles (N e ), observed (H o ) and expected (H e ) heterozygosities and fixation index (F)] were calculated using GenAlEx 6.5 (Peakall and Smouse, 2013) , as well as the principal coordinates analysis (PCoA), to visualize the genetic distances among accessions.
The SSR data were further analysed by STRUCTURE 2.3.4 software (Pritchard et al., 2009) , running 100 replicate Monte Carlo Markov chains (MCMCs) with a burn-in period of 100 000 followed by a sampling period of 100 000 for 500 000 iterations, applied for each K. The range of possible number of clusters (K) was from 1 to 10, considering independent alleles and admixture of individuals. Bayesian analysis divided sampled individuals into a number of K clusters and the most likely value of K was estimated using DK (Evanno et al., 2005) , performed by STRUCTURE Harvester (Earl and von Holdt, 2012) . GenAlEx 6.5 was used to estimate pairwise population matrices of D est , G st statistics and F st pairwise distance with 999 permutations, in order to detect the differentiation between the STRUCTURE groups.
To evaluate the assignment of individuals and groups within the populations found by STRUCTURE, three different statistical criteria were applied, as implemented in GeneClass 2 software (Piry et al., 2004) : Cavalli-Sforza and Edwards ' (1967) Chord distance, the likelihood frequency-based method of Paetkau et al. (1995) (extended by Piry et al., 2004) , and a Bayesian method developed by Baudouin and Lebrun (2001) . Monte Carlo resampling of 10 000 individuals was used to compute the probability of the multilocus genotype of each individual being encountered in a given reference population following Paetkau et al. (2004) . Furthermore, to establish the contribution of Iranian Olea europaea subsp. cuspidata to the present genetic variability of Iranian olives, shared and private alleles within and between the cuspidata samples, Mediterranean varieties, Iranian ecotypes and cultivars were assessed by GenAlEx 6.5, followed by a GeneClass 2 assignment, applying the described criteria.
Genetic diversity and differentiation within Iran
On the Iranian olive trees (cultivars and ecotypes), to assign the relationships within and between different sample sets, molecular evolutionary analyses were performed by Darwin v.5 software (Perrier and Jacquemoud-Collet, 2006) , using the weighted neighbour-joining method, running 10 000 bootstrap replications. STRUCTURE 2.3.4 software was run using the same parameters previously reported. The range of possible number of clusters (K) was set from 1 to 34 (number of populations based on geographical sampling sites), with independent alleles and admixture model. STRUCTURE Harvester identified the most likely K values. The estimation of pairwise population matrices was assessed by GenAlEx.
Demographic history inferred by ABC
To trace the demographic history of olive, a two-step ABC procedure (Beaumont et al., 2002) , implemented in DIYABC v 2.1.0 (Cornuet et al., 2014) , was performed. The entire data set (A) (425 genotypes, excluding cuspidata samples) was first analysed to draft the history of the hierarchical genetic structure identified by STRUCTURE analysis (see Results), then ABC analysis was focused only on the Iranian individuals (B).
(A) We based DIYABC analysis on the genetic clustering results of 425 individuals (excluding cuspidata samples), although for simplicity we considered the Iranian samples as a single group. The three groups were: Western Mediterranean cultivars (WM), Central-Eastern Mediterranean cultivars (CEM), and Iranian cultivars and ecotypes (IR). We examined three simple population demography scenarios (Supplementary Data Fig. S3 ), in which, t # refers to timescale (scaled by generation time) and N # refers to effective population size of the corresponding population (WM, CEM, IR, the branch connecting to CEM between t 1 and t 2 , or the ancestral population) during each time (i.e. 0 -t 1 and t 1 -t 2 ). Furthermore, IR was set to be traced back to an ancestral population (as requested by DIYABC), since it was the population with the highest level of differentiation and with a high level of genetic diversity. Nevertheless, the level of diversity was high also in WM, so we decided to perform a preliminary test to ascertain which one of the two most differentiated populations (WM or IR) coalesced to the ancestral population. The models, in which IR was set to trace back to the ancestral population, obtained good support, and therefore all successive analyses included this condition. The three scenarios are as follows ( Fig. S3A ): Scenario 1 (hierarchical split model), testing a colonization event from the middle-east region, WM merged with CEM at t 1 , and subsequently CEM merged with IR at t 2 . N 1 , N 2 and N 3 were the effective population sizes of WM, CEM and IR, respectively, N a was the effective population size of the ancestral population, and N b was the effective population size of CEM at t 1 and t 2 ; Scenario 2 (simple split model), in which all three populations diverged at the same time, t 2 ; and Scenario 3 (isolation with admixture model), testing the possibility that the two most differentiated groups, WM and IR, generated CEM by admixture at t 1 , and then WM merged with IR at t 2 .
(B) The STRUCTURE analysis within Iranian olive ecotypes and varieties indicated the presence of a clear genetic structure with four clusters (see Results), and therefore we defined four populations: Pop1, Pop2, Pop3 and Pop4. In the four scenarios examined (Fig. S3B ), Pop2 was set to be the most ancient population, since it was the population with the highest level of diversity. Furthermore, we decided to put Pop4 merging with Pop3 or Pop1. The four scenarios are as follows ( Fig. S3B ): Scenario 1 (hierarchical split model 1), in which we assumed that Pop3 merged with Pop4 at t 1 , Pop4 merged with Pop1 at t 2 , and Pop1 merged with Pop2 at t 3 ; Scenario 2 (hierarchical split model 2), which was similar to scenario 1 but assuming that Pop4 merged with Pop3 at t 1 , and that Pop3 merged with Pop1 at t 2 ; Scenario 3 (hierarchical split model 3), the simplest one, in which Pop4 merged with Pop3 at t 1 , and Pop1 and Pop3 merged with Pop2 at the same time (t 3 ); and Scenario 4 (hierarchical split model 4), similar to scenario 3 but assuming that Pop4 merged with Pop1 at t 1 . Considering that in natural conditions an olive seedling can start flowering after 15-20 years or earlier and may remain productive for at least 30-50 years (despite the long lifespan of olive, in natural conditions its competitiveness with other tree species is low), the estimation of generation time in olive is complicated. In accordance with other authors (Besnard et al., 2014; Diez et al., 2015) , 25 years was considered as the average generation time.
DIYABC-Mutation model, summary statistics and model checking
For all simulations, we used the Generalized Stepwise Mutation model (GSM; Estoup et al., 2002) , with single nucleotide indels (SNIs). To obtain better posterior distribution, we performed initial runs to explore the parameter space, thus changing the default prior values (Supplementary Data Tables  S4 and S5 ). The minimum and maximum priors for SSR mutation rate were set at 5 Â 10
À3 (Tables S4 and S5 ). Mean expected heterozygosity (H e ) and number of alleles (N a ) were used as summary statistics for single populations and H e , N a , and F st for population pairs. A million simulations were performed for each scenario and the most likely scenario was evaluated by comparing posterior probabilities, using logistic regression. Goodness-of-fit was assessed for each scenario by model checking using the principal component analysis (PCA) approach implemented in DIYABC, which measures the discrepancy between simulated and real data. Finally, each scenario was used in a simulation of 1000 datasets to estimate Type I and Type II errors by using 'Evaluate the confidence in scenario choice' option in DIYABC. Type I error for the most likely scenario X was estimated as the probability at which scenario X is rejected when it is the true scenario. Type II error for the most likely scenario X was computed as the probability of choosing the scenario X when it was not the true scenario.
Species distribution modelling and climatic data
Species distribution modelling (SDM), based on climatic information from the database of WorldClim -Global Climate Data (Hijmans et al., 2005) , was performed to define the shape of possible distribution throughout the late Quaternary: the last interglacial period (LIG; 120 000-140 000 years BP), the LGM (21 000 years BP), Mid-Holocene (MH; 6000 years BP) and Pre-present (1950 -2000 . The maximum entropy model, implemented in a MAXENT 3.3.3 algorithm (Phillips et al., 2006) , was used. Random null distributions were built to test for the significance of our SDM. For this test, we built a new SDM using 34 occurrence points for Olea europaea Iranian ecotypes (Table S1 ). Predictions were also generated for the WM and CEM gene pools, to examine whether genetic divergences among them were environmentally induced. The former distribution of O. europaea by projecting our model on to LGM, MH, LIG and Pre-present conditions using 19 bioclimatic variables data was predicted (Supplementary Data Table  S6 ). Predicted distributions during the LGM and MH were generated by downloading both the community climate system model (CCSM) and the model for interdisciplinary research on climate (MIROC). The modelled distributions were generated with 70 % of the points (training data) and cross-validated with 30 % of the remaining localities (test data), averaged over 10 runs and all other parameters were set to default. The performance of models was assessed using the area under the receiver operating characteristic curve (AUC; Hanley and McNeil, 1982) . We used the suitability threshold to derive projected presence/absence distribution from logistic outputs. To show the effect of 19 bioclimatic variables from 140 000 years BP (LIG) up to Pre-present conditions on the three groups individuated by Bayesian analyses (WM, CEM and IR), PCA was performed by PAST software v. 3.10 (Hammer et al., 2001) .
RESULTS
Chloroplast variation analysis
All Iranian samples and reference cultivars shared the most common E1 lineage (chlorotype E1.1), shown by 90 % of the Mediterranean cultivated varieties (Besnard et al., 2013a) . The only exceptions were 37 genotypes of subsp. cuspidata, clearly belonging to lineage C, which is typical of the south Asian populations of cuspidata (Besnard et al., 2007 (Besnard et al., , 2011 , and distinguished into two different chlorotypes, sublineages C1 and C2, as previously reported by Hosseini-Mazinani et al. (2014) (Supplementary Data Table S7 ).
Genetic diversity and differentiation between Mediterranean and Iranian samples
Diversity data include Mediterranean cultivars and Iranian ecotypes, with the exclusion of the cuspidata samples, considering them belonging to the different subspecies.
SSR null allele values, which ranged from 0Á006 to 0Á044, were considered negligible values by Chapuis and Estoup (2007) . The only exceptions were loci DCA16 and GAPU103A, for which values were moderate: 0Á060 and 0Á061, respectively. Iranian genotypes showed the highest values for frequency indices, such as N e , GD, H e and F, whereas H o was higher in the Mediterranean samples (Supplementary Data  Table S8 ).
PCoA separated genotypes into three main groups: Iranian, Eastern-Central Mediterranean and western Mediterranean (Fig. 1) , with coordinates explaining 8Á89 and 6Á69 % of the total variance. When STRUCTURE analysis was performed, the number of most likely sub-populations (K) peaked at K ¼ 4. The four groups were clearly separated on the basis of their geographical pattern ( Fig. 2A) : the Mediterranean cultivars clustered into Western (WM) and Central-Eastern Mediterranean (CEM) groups, as previously shown by PCoA, whereas the Iranian samples were split into two other groups (Fig. 2B) .
To study the genetic differentiation between the three geographical areas (WM, CEM and IR), we considered the Iranian groups together, whereas the genetic variability within Iranian samples is described in a separate section of this work. Different parameters and pairwise population distances were calculated to determine differentiation between the three mentioned groups (Table 1) toward the west, suggesting an important genetic differentiation between eastern and western groups (Table 1B) . The assignment analysis indicated the proportions of individuals derived from their source population (Table 2) . WM, representing the largest population (179 samples), showed the highest values, while the lowest was the one of IR. The limitation of genetic sharing among populations derived from their geographical pattern. For all calculated methods, the CEM population showed considerable migration to WM, ranging between 57Á78 % (Distance) to 62Á03 % (Bayesian). The Iranian population (IR) did not originate from the other populations, while the migration from Iran to CEM was 4Á13-7Á56 % and to WM 5Á19-8Á81 %.
Contribution of subspecies cuspidata
When considering the entire pool of samples, including subsp. cuspidata specimens, of 255 total alleles found in all analysed accessions, 23 were private to cuspidata samples, 35 to Mediterranean varieties and 32 to the Iranian olives. When only the Iranian olives were compared with cuspidata, 93 common alleles were found. Mediterranean cultivars and cuspidata shared 88 alleles, whereas 93 and 42 alleles were private to Mediterranean and to cuspidata, respectively. Population differentiation values derived by D est , G 0 st (Hed) and F st pairwise matrices (Table 3A) , calculated between Mediterranean cultivars, Iranian olives and Iranian subsp. cuspidata samples, showed the highest values between cuspidata and Mediterranean varieties, followed by those between cuspidata and the Iranian olives. The lowest values were between Iranian and Mediterranean samples. The individual assignment analysis suggested no migration among Iranian individuals, cuspidata and Mediterranean cultivars (Table 3B) .
Genetic diversity and differentiation within Iranian olives
Within the Iranian olives (excluding cuspidata trees), H o was lower than H e at all loci except EMO90 and GAPU101, and F values showed positive and significant deviations from zero for most loci (mean value ¼ 0Á11), indicating a high level of inbreeding within Iranian samples (Supplementary Data Table S9 ).
Neighbour-joining analysis on the Iranian ecotypes and cultivars (Supplementary Data Fig. S4) 
Fst ¼ Inbreeding coefficient within subpopulations, relative to total ¼ genetic differentiation among populations, Three groups of populations (WM, CEM and IR), as identified by population structure analyses (considering the two Iranian populations as a single group), were compared. Exclusion of individuals is based in three different criteria: the Cavalli-Sforza and Edwards distance, the frequency-based method of Paetkau et al. (1995) and the Bayesian approach of Baudouin and Lebrun (2001) . main Iranian cultivars, and Pop4 contained five provinces from the centre, south and east of Iran and three other varieties, with some admixture with Pop2 and Pop3 (Fig. 2C) . Between the groups identified by STRUCTURE, the highest genetic differentiation was between Pop2 and Pop3 (Supplementary Data  Table S10 ).
Demographic history of olive varieties
The highest posterior probability defined by DIYABC analysis was found for Scenario 1 (hierarchical split model) (Fig. 3A, B) , and its value [0Á9204, 95 % confidence interval (CI): 0Á9101-0Á9307] was higher than for scenarios 2 (0Á0008) and 3 (0Á0788) ( Table 4 ). This result suggests that the divergence of IR from a hypothetical ancestral population occurred before the divergence of CEM and WM. The median values of effective population sizes for this scenario were 1Á78, 2Á69, 9Á01, 1Á35 and 3Á56 for N 1 (WM), N 2 (CEM), N 3 (IR), N a (ancestral population) and N b (the branch conducting to CEM between t 1 and t 2 ), respectively (Supplementary Data Table S11 ). The results showed that the effective population size of the ancestral population (N a ) was approximately 6Á6 times lower than that of IR, suggesting an expansion event at time t 2 . At time t 1 , a further expansion event generated population CEM, increasing the effective population size by around 7Á5 times with respect to its size at t 2 . Furthermore, at t 1 a bottleneck event gave rise to WM, reducing the effective population size around twofold. The median values of the divergence times t 1 and t 2 were 648 (95 % CI: 170-983) and 5190 (95 % CI: 1440-9510) Table S12) and PCoA results (Supplementary Data Fig. S5 ) suggested that scenario 1 provides a good fit to the data. The type I error rate was 0Á2120, and the average type II error rate was 0Á0945. The most probable scenario is reported in Fig. 3A .
Demographic history of the Iranian samples
Scenario 3 (hierarchical split model 3) was the demographic model with the highest posterior probability (Fig. 4A) . Its value was not very high (0Á4057, 95 % CI: 0Á3646-0Á4469), but its CI did not overlap with those of the other scenarios (Supplementary Data Table S13 ). The median values of the effective population sizes were 3420, 1800, 3280 and 4530 for Pop1, Pop2, Pop3 and Pop4, respectively (Supplementary Data  Table S14 ). This result showed that the effective population size of Pop2 was at least 1Á8 times lower than those of Pop1 and Pop3, suggesting an expansion event at time t 2 (Fig. 4B) . At time t 1 , another expansion event resulted in the divergence of Pop3 and Pop4, which increased their effective population size 1Á4-fold. The median values of the divergence times, t 1 and t 2 , were 2170 (95 % CI: 653-4640) and 4080 (95 % CI: 1360-13 100) generations ago, respectively (Table S14) . Divergence times scaled to 54 250 years ago (95 % CI: 16 325-116 000) and 102 000 years ago (95 % CI: 34 000-327 500) for t 1 and t 2 , respectively. The posterior probability, summary statistics (Table S14) and PCA results (Supplementary Data Fig. S6 ) suggest that scenario 3 provides a good fit to the data (Fig. 4A) . The type I error rate was 0Á384 and the average type II error rate was 0Á156.
Impact of Quaternary glaciation on olive distribution modelling
Averaged AUC values for the replicate runs were > 0Á991 for all distribution models, supporting their predictive power. The two models of MIROC and CCSM provided comparable species distributions. Furthermore, MH (6000 years BP) and present condition showed a similar pattern ( Supplementary  Data Fig. S7 ). MAXENT demonstrated in general a different distribution of O. europaea between the eastern cluster and the others, the IR cluster covering the western and eastern part of the Fertile Crescent and reaching the extreme west of the Mediterranean basin (Fig. 5) . For all three groups (IR, CEM and WM), the distribution of O. europaea for the LIG (140 000 years BP) was more similar to the present condition than to the LGM (22 000 years BP). The CCSM model predicted that in WM the species distribution at the LGM was smaller than for the Pre-present and LIG, but higher for CEM and IR. Furthermore, 22 000 years BP the distribution area of population IR was spreading up to the centre of the Arabian Peninsula. To evaluate the effects of 19 bioclimatic variables on species distribution in different periods, PCA was performed based on jackknife results (Supplementary Data Fig. S8 ). Bio18 and 19 (precipitation of the warmest and coldest quarter, respectively) significantly separated the IR (LGM and present) from WM and CEM (LIG, LGM and present), while IR (LIG) differentiated by Bio03 and 09 (isothermality and mean temperature of the driest quarter, respectively) was in general closer to WM and CEM (Fig. S8 ).
DISCUSSION
In this study, we reshaped the distribution of Olea europaea subsp. europaea var. europaea, investigating an enlarged set of samples, from the Mediterranean basin to the Iranian plateau, through the analysis of molecular and past/present climatic data, under the framework of archaeo-botanical data.
We highlighted that the genetic differentiation between the two olive gene pools occurred long before domestication, spreading westward, reaching the Mediterranean area, and eastward, settling down in the Iranian plateau. We also found that the distribution area of the main Mediterranean olive lineage spread not only in the Near East countries (north-eastern Levant) (Besnard et al., 2013a) but also in the Middle East, including the Fertile Crescent and the Iranian plateau. The presence of olive in Iran probably started from a local centre of diffusion placed in the south-west area of the country and dated back about 100 000 years ago, considering 25 years for each generation, but this time could be increased for a plant that remains productive for hundreds of years. Archaeo-botanical evidence showed that olive was widespread in the country 5800 years BP (Van Zeist, 2008) , and its cultivation and use have been described since 3000 years ago (Morgan, 2015; Djamali et al., 2016) .
Demographic history of olive
Bayesian analyses, dividing olive genotypes into Iranian (IR), Western (WM) and Central-Eastern Mediterranean (CEM) groups, highlighted a high genetic differentiation between the Iranian samples and the Mediterranean cultivars, showing a clear separation among them, as previously hypothesized (Noormohammadi et al., 2014; Mousavi et al., 2014; Hosseini-Mazinani et al., 2014) . The reduction of Mediterranean cultivar populations from three welldifferentiated gene pools (western, central and eastern Mediterranean), as reported by many authors (Sarri et al., 2006; Haouane et al., 2011; Belaj et al., 2012) , into two (CEM and WM, in the present work) was probably due to the strong effect of the Iranian group on total differentiation, not analysed in the previous studies.
Through ABC simulations, previously applied in some cultivated plant species including olive (Diez et al., 2015; Tamaki et al., 2016; Parat et al., 2016) , we observed an ancient expansion event from a common ancestor, giving rise to a migration wave from the east to the west, followed by a more recent separation of the Mediterranean varieties into two gene pools at time t 1 , about 13 000 years ago. The most probable scenario supported that the Iranian population diverged and expanded from an ancestral gene pool around 130 000 years BP, even if DIYABC did not model continuous gene flow at each generation (Tsuda et al., 2015) and the examined species has a generation time that is difficult to determine, which could have led to an under-estimation of the divergence time. Taking into account the lower confidential interval limit (36 000 years ago), the divergence time t 2 is still well before the LGM (22 000 years BP). At that time, the ABC results suggested a westward expansion of olives from the Middle-Eastern territories, as hypothesized for other crop and forest trees (Myles et al., 2011; Zeder, 2011; Mayol et al., 2015) . An ancient separation of IR and WM was also supported by the almost total absence of migration events from WM to IR and vice versa, as suggested by the assignment test analysis. An ancient separation of Iranian and Mediterranean gene pools was affirmed (5000 generations), followed by the separation between CEM and WM populations (600 generations).
How climate conditions may have shaped the present distribution of olive
The SDM analysis revealed the divergence of the central and western part of the Mediterranean from the Near and Middle East. PCA, based on 19 bioclimatic variables, described mean temperatures of the driest quarter as factors acting on olive distribution during the LIG (140 000 years BP). Since the LGM, along the MH (6 000 years BP) up to the present, precipitation (during warmest and coldest quarters) was the most important climatic factor determining separation of WM and CEM from Eastern (Iran) olive clusters. Several studies reported the joint influence of isolation by distance and environmental adaptation to promote genetic divergence of plant populations (Lee and Mitchell-Olds, 2011; Temunovic et al., 2012; Mosca et al., 2014) . Thus, the role of climate-driven adaptation clearly supports the divergence of Eastern and Western olive groups before olive domestication.
The presence of olive along the Iranian area is documented since 38 000 years BP According to Hole (1998) , agriculture spread to Iran from the south-west of the Fertile Crescent, and latest excavations in the foothills of the Zagros Mountains have provided new and substantial evidence that the eastern region of the Fertile Crescent was an independent centre of plant and animal domestication (Matthews et al., 2010; Darabi et al., 2011; Niknami and Nikzad, 2012) . The first report of Olea pollen in the Fertile Crescent was from Lake Zarivar (Kurdestan province, west of Iran), where Olea pollen grains were found in sampled sediments at different depths, corresponding to pollen-assemblage (p-a) zone 3 (38 000-15 000 cal years BP). In the Zarivar area, scattered tree stands were still present, mainly Pistacia, Acer and Quercus, to a lesser extent in subzone 3a. The p-a zone 4 (15 000-12 000 cal years BP) was related to the Lateglacial period, which was unfavourable for the growth of forest trees and characterized by drought resulting from high temperatures, while p-a zones 5-7 (12 000-5900 cal. years BP) was a period with a progressive expansion of trees (van Zeist and Bottema, 1977) . Furthermore, van Zeist (2008) affirmed that the Olea pollen grains of zone 7 could belong to cultivated olive. Before that period, a local exploitation of food resources, including olive, was reported based on pollen evidence of Cerealia, Olea and Malva collected at the site of Zawi-Chemi (Iraq, about 4 km south of the Shanidar cave, near the Iranian border), associated with a cultural sequence dating back to 10 870 years BP (Al-Ameri et al., 2011) .
At the same time, in the western part of the Iranian plateau, nomad populations cultivated semi-wild orchards and nonirrigated vines, figs and almonds at high altitudes (1500-2000 m a.s.l.) (Amanolahi, 1986; Potts, 2014) . Palynological LGM-CCSM, last glacial maximum (22 000 years BP), employing the Community Climate System Model (CCSM), and Pre-present (1950 Pre-present ( -2000 . Red (WM), blue (CEM) and green (IR) colours indicate higher probabilities of suitable climatic conditions.
investigations documented the presence of Olea pollen grains dated to 4300 years BP (Djamali et al., 2009) in south-western Iran (Fars Province), corresponding to an increase of human activities in this province (Alizadeh, 2006) . Moreover, charcoal fragments of Olea sp. retrieved in several contexts of Konar Sandal (Jiroft, Kerman province), from the Bronze Age to the Iron Age, were interpreted as representing cultivated trees (Mashkour et al., 2013) , or as O. europaea subsp. cuspidata, the latter still growing in the south-eastern part of Iran . The presence of olive cultivation has been continuous in Iran since 3200 years BP, because of construction of an intensive hydraulic network, mainly related to innovative agricultural systems, and increased at about 2700 years BP, with a prominent peak between 2500 and 2100 years BP (Djamali et al., 2010 (Djamali et al., , 2016 .
A major role in the pattern of distribution of olive should be attributed to the traditional system of water supply for irrigation, such as the qanat and dam structures, peculiar to the Iranian territory (Motiee et al., 2006; Djamali et al., 2016) and which has been destroyed deliberately or due to catastrophic events.
There is also evidence that ancient olive cultivation in Iran could have been related to the production of table olives, as reported in Chinese literature (Hirth, 1910; Laufer, 1919) , especially during the maximum expansion of olive cultivation, about 1000 years BP. The large fruits of many olive samples included in our analysis confirm their suitability as table olive varieties (Mousavi et al., 2014) , and the few remnants of olive trees still present in Iran are compatible with a high technological level of olive production reached in the past.
The evidence of large or very large fruits for most Iranian ecotypes (Hosseini-Mazinani and Torkzaban, 2013; Mousavi et al., 2014) , a character clearly subjected to selection during the process of domestication (Alcantara and Rey, 2003) , corroborated the evidence that Iranian ecotypes do not represent a wild form of olive (Olea europaea subsp. europaea var. sylvestris, named oleasters), as naturally occurring along most of the Mediterranean shores but, more likely, they represent the vestiges of ancient orchards, abandoned for hundreds of years and returned to wild conditions, or the seed dissemination of palaeo-varieties that survived in spite of environmental constraints.
Genetic differentiation of Iranian olives
The unique mother lineage, observed by chloroplast analysis, indicated the Iranian samples as sister populations of most cultivated Mediterranean olive varieties. The actual genetic differentiation between the two gene pools could be related to genetic drift and founder effects during natural or human colonization (Bagnoli et al., 2009) . Moreover, even if Iranian olive ecotypes and subsp. cuspidata coexisted in the same environments, the contribution of cuspidata to the genetic diversity of the Iranian cultivars and ecotypes must be excluded, following the assignment test and diversity indices.
Environmental conditions certainly played a crucial role in the distribution of olive during the last millennia in Iran, as have historical and geo-political issues. The genetic structure revealed that ecotypes from the western province of Ilam were genetically grouped with those growing along the south bank of the Caspian Sea, up to Golestan province. This linear axis, from west to north-east of the country, overlaps the migration routes of Nomads and transhumant shepherds, who played a major role in crop domestication around 10 000 years BP (Koocheki and Gliessman, 2005; Potts, 2014) . Another Iranian olive group was placed on the sidelines of the Zagros Mountains, which represent the north-south geo-climatic barrier, limiting the possibility of olive migration toward the east and promoting its north-south diffusion. Almost all main Iranian olive cultivars were assigned to this population, and diffused up to the Zanjan province where olive cultivation has been described for thousands of years (Djamali et al., 2010; Tofighian and Khademi Nadooshan, 2011) . Within the fourth genetic cluster, the monumental olives of Kerman province and Fosoon from Khorasane-Jonoobi (105 trees registered as natural heritage by the Iranian Cultural Heritage Organization in 2011) were included, as well as Yazd and Isfahan trees, related to ancient worship rituals, as reported by Al-Tabari (1999), who described several 'fire temples' during the Sasanian dynasty, with gardens including thousands of olive trees at least 1500 years BP. Interestingly, ABC analyses grouped all Kohgiluyeh samples into a separate population, probably representing the remnant of the most ancient olives grown in Iran. Kohgiluyeh province was a suitable place for olive growth since the Holocene (5500 years ago). In fact, climatic conditions in Iran in that period were similar to the present, with high precipitation/evaporation ratio because of low evaporation resulting from low summer temperatures (Ferrigno, 1991) .
The evaluation of a large set of Iranian olives has provided a new perspective on the spread of olive before and during its domestication, strictly related to climatic variables and human activities. The genetic pattern of differentiation between the Mediterranean basin and Middle East countries supports the hypothesis of an east-west isolation mediated by climatic conditions, with a prominent peak during Quaternary glaciations, and linked in particular to precipitation and evaporation (Kehl, 2009; Mikolajewicz, 2011) . The structure of variation, coupled to palaeo-climatic and historical data, suggests an enlarged centre of olive domestication eastward, up to western Iran. A secondary differentiation might have occurred through crossings with local oleasters Belaj et al., 2007) or with other Olea europaea subspecies, giving rise to the current genetic variability of the Mediterranean.
Multidisciplinary studies, including archaeological, genetic and climatic aspects, performed on the genetic resources of Middle Eastern countries could provide new scenarios for the origin not only of cultivated olive, but also of many other plant crop and livestock species. LGM-CCSM and LGM-MIROC, last glacial maximum (22 000 years BP); and MH, Mid-Holocene (6000 years BP) employing two different palaeoclimate layers, the Community Climate System Model (CCSM) and the Model for Interdisciplinary Research on Climate (MIROC); Pre, present conditions (1950 Pre, present conditions ( -2000 . Figure S8 : principal component analysis based on Jackknife results for 19 bioclimatic variables for the three geographical areas (WM, CEM, IR) from the LIG up to Pre-present condition. Table S1 : list of the olive samples from Iran analysed in the study. Table S2 : list of Mediterranean varieties and Iranian main cultivars, based on country of diffusion and source of plant material. Table S3 : list of primers used to amplify and detect cpSNP and cpSSR polymorphisms. Table S4 : prior distributions in DIYABC analysis of the Mediterranean cultivars. Table S5 : prior distributions in DIYABC analysis of the Iranian cultivars. Table S6 : nineteen bioclimatic descriptors based on BIOCLIM data. Table S7 : chloroplast genotyping results, based on 29 length polymorphisms and 20 cpSNPs. Table S8 : genetic diversity within Iranian olives and within Mediterranean countries. Number of alleles (N), number of effective alleles (N e ), genetic diversity (GD), observed heterozygosity (H o ), expected heterozygosity (H e ) and fixation index (F) are reported. Table  S9 : genetic indices for each SSR locus within Iranian cultivars and genotypes: observed heterozygosity (H o ), expected heterozygosity (H e ) and fixation index (F). 
